The inflammasome is an intracellular multiprotein complex involved in the activation of caspase-1 and the processing of the proinflammatory cytokines interleukin-1b (IL-1b) and IL-18. The inflammasome in the central nervous system (CNS) is involved in the generation of an innate immune inflammatory response through IL-1 cytokine release and in cell death through the process of pyroptosis. In this review, we consider the different types of inflammasomes (NLRP1, NLRP2, NLRP3, and AIM2) that have been described in CNS cells, namely neurons, astrocytes, and microglia. Importantly, we focus on the role of the inflammasome after brain and spinal cord injury and cover the potential activators of the inflammasome after CNS injury such as adenosine triphosphate and DNA, and the therapeutic potential of targeting the inflammasome to improve outcomes after CNS trauma.
INTRODUCTION
The innate immune response has a critical role in the pathology after injury to the central nervous system (CNS). Activation of pattern recognition receptors (PRRs) such as toll-like receptors, NOD-like receptors, or RIG-like receptors by danger-associated molecular patterns (DAMPs) such as adenosine triphosphate (ATP) or heat shock proteins results in production of inflammatory cytokines such as interleukin (IL)-1b, IL-18, tumor necrosis factor, or type I interferons that subsequently activate the adaptive immune response. A key component of the innate immune response is the inflammasome, an NLR-based multiprotein complex responsible for the activation of caspase-1 after infections, injury, and in autoimmune diseases. The present review addresses the role of the inflammasome in the innate immune response after injury to the brain and spinal cord. This review covers the different inflammasomes that have been described in neurons, astrocytes, and microglia as well as the mechanism of activation of the inflammasome (Table 1) in the CNS and the different therapeutic interventions that target inflammasomes after CNS trauma.
Inflammasome Expression in the Central Nervous System
The inflammasome was first described as a multiprotein complex comprising caspase-1, the adaptor protein apoptosis-associated speck-like protein containing a caspase-activating recruitment domain protein (ASC), and the sensor NLR. 1 Several NOD-like receptors have been shown to form inflammasomes as well as the ALR protein AIM2. Most of the inflammasomes described to date contain an NLR protein, namely NLRP1, NLRP2, NLRP3, NLRP6, NLRP7, NLRP12, or NLRC4 (NLR-and caspase-activating recruitment domain-containing 4). 2, 3 However, only few inflammasomes have been described and characterized in the CNS: The NLRP1 inflammasome in neurons, [4] [5] [6] the NLRP2 inflammasome in astrocytes, 7 the NLRP3 inflammasome in microglia, [8] [9] [10] and the absent in melanoma-2 (AIM2) inflammasome in neurons ( Figure 1 ). 11 However, other inflammasome sensors (including NLRP3, NLRP6, NLRP12, and interferon-g-inducible protein 16) may form inflammasomes in the CNS, but convincing data have not been generated to support this idea. Notable among the NLR sensors is NLRP3 that can be induced by amyloid-b through TLR activation and has been associated with the pathogenesis of Alzheimer's disease. 8, 12 However, in the CNS, it has not been clearly demonstrated that NLRP3 forms protein-protein interactions to form a multiprotein complex with other inflammasome components such as capase-1 or ASC in the CNS.
THE NLRP1 INFLAMMASOME
The NLRP1 inflammasome in the brain and spinal cord comprises NLRP1, caspase-1, ASC, caspase-11, and the inhibitor of apoptosis proteinX-linked inhibitor of apoptosis protein (XIAP) 6 (Figure 1 ). This neuronal NLRP1 inflammasome differs in structure from the NLRP1 inflammasome described in peripheral macrophages in a number of ways: First, the NLRP1 inflammasome complex in neurons is preassembled in unstimulated neurons or in normal CNS tissues. In contrast, it appears that in unstimulated macrophages NLRP1 components are not preassembled in a multiprotein complex, but rapidly form protein-protein associations upon stimulation by muramyl dipeptide. 13 In this regard, immunoprecipitation experiments indicate protein-protein interactions are made between NLRP1, ASC, caspase-1, caspase-11, and XIAP in neuronal lysates of sham and spinal cord-injured and brain-injured rodents. 5, 6 These studies indicate that the inflammasome components in the CNS are preassembled before activation; however, it is possible that additional inflammasome proteins are recruited into inflammasome complexes as the inflammatory response becomes exacerbated. It has been suggested that preassembly of inflammasome complexes in CNS cells facilitates a rapid triggering of the innate immune response after CNS trauma. However, it is also possible that CNS cells maintain low levels of IL-1b in the brain and spinal cord that is regulated by preassembled inflammasomes. Preassembly of NLRP1 inflammasomes has also been noted in melanoma cells that constitutively secrete IL-1b. 14 In the CNS, caspase-11 forms protein-protein interactions with other inflammasome proteins; whether caspase-11 forms part of the same inflammasome with caspase-1 or whether caspase-11 forms its own inflammasome, independent of caspase-1, in the CNS remains to be investigated. Importantly, caspase-11 is involved in the processing of IL-1b, and recent evidence has emerged indicating that caspase-11 has a role in noncanonical inflammasome activation after bacterial infections. 15 The NLRP1 inflammasome is associated with the inhibitor of apoptosis protein XIAP that may keep inflammasome expression in check ( Figure 1A ). 6 Moreover, spinal cord injury (SCI)-induced activation of the inflammasome was found to be associated with cleavage of XIAP into smaller fragments. Cleavage of XIAP produces an N-terminal BIR1-2 fragment with reduced ability to inhibit caspases. 16 Therefore, SCI-induced XIAP cleavage may reduce the threshold for activation of caspase-1, leading to processing and secretion of IL-1b and IL-18 ( Figure 2 ). We suggest that XIAP in the NLRP1 inflammasome complex may serve to inhibit caspase-1 activity preventing the activation and processing of IL-1b and IL-18. In addition, XIAP has been shown to regulate innate immune signaling by interactions with NOD1 and NOD2 through an interaction with RIP2, 17 but XIAP has not been shown to be associated with the NLRP1 inflammasome expressed in macrophages.
Coimmunoprecipitation of neuronal lysates indicates that components of the NLRP1 multiprotein inflammasome complex interact with pannexin-1 and the purinergic P2X7 receptor ( Figure 2 ). 18 Pannexin-1 appears to be part of a large proteinsignaling complex that links P2X7 receptors to the components of the inflammasome, resulting in caspase-1 activation and eventual release of IL-1 cytokines. 19 In addition, deletion of P2X4 in mice results in decreased innate immune responses after SCI compared with wild-type animals. 20 This decreased inflammatory response involves a significant reduction in inflammasome activation in neurons as determined by decreased cleavage of caspase-1 and production of IL-1b, as well as decreased infiltration of immune cells into the injury site acutely after SCI. Pannexin-1, P2X4, and P2X7 have not been linked to NLRP1 inflammasomes in hematopoietic cells, yet pannexin-1 and P2X7 may influence NLRP3 inflammasome activity. 21, 22 In macrophages, NLRP1 expression is governed by several regulatory mechanisms and putative protein interactions. 23 The sterol regulatory element binding protein-1a basic helix-loop-helix zipper transcription factor differentially regulates the expression of Nlrp1a in hematopoietic cells. 24 At the posttranslational level, NLRP1 undergoes autocleavage at Ser 123 in the FIIND domain that is required for function. [25] [26] [27] Prosurvival Bcl-2 and Bcl-xL bind NLRP1 and inhibit NLRP1 activation 28 before formation of the inflammasome complex. Finally, NLRP1 forms an inflammasome in vivo, independently of ASC and caspase-11 that triggers an IL-1b-dependent inflammatory disease that is negatively regulated by IL-18. 29 At present, it is unclear whether neuronal NLRP1 inflammasome activation is controlled in a similar fashion as the NLRP1a inflammasome in macrophages.
Importantly, the role of ASC in inflammasome regulation is controversial. Based upon in vitro reconstitution experiments of inflammasome components, it has been suggested that ASC is not essential for inflammasome activation, but acts as an amplifier of inflammasome activity to enhance the innate immune response. 30 In support of this idea is the observation that human NLRP1 forms protein-protein interactions with caspase-1 through its PYD domain in the absence of ASC. 31 However, the NLRP1 protein in mice lacks a functional PYD and therefore, homodimeric interaction between NLRP1 and ASC is not expected. However, it is possible that other yet unidentified proteins mediate interactions between ASC and NLRP1 in rodents. Is ASC needed in all inflammasomes? Some argue that ASC acts as an enhancer of the inflammatory response and that it is not necessary in all inflammasomes to activate caspase-1. For instance, NLRP1 in humans can form protein-protein interactions with caspase-1 through its caspase-activating recruitment domain, in the absence of ASC. In the presence of ASC, such interaction can occur through the PYD domain. In contrast, NLRP1 in mice lacks a functional PYD domain. As a result, in mice, a homodimeric interaction between NLRP1 and ASC through its PYD is not expected. 31 There are three Abbreviations: CNS, central nervous system; XIAP, X-linked inhibitor of apoptosis protein.
Inflammasome in the CNS review JP de Rivero Vaccari et al polymorphic paralogs of the NLRP1 gene: Nlrp1a, Nlrp1b, and Nlrp1c each of which is activated by different ligands. 32 Whether other proteins are involved in the interaction between ASC and NLRP1 in rodents remains unknown. Moreover, there is always a possibility of heterodimeric interactions between the different protein domains.
The effects of knocking out NLRP1 or ASC in mice after SCI remains to be explored, yet P2X4 knockout mice, show decreased inflammasome activation after SCI, consistent with improved histopathological and functional outcomes. 20 Importantly, P2X4 was present in neurons of the spinal cord. Therefore, these data corroborate the therapeutic potential of targeting the inflammasome in neurons to improve outcomes after SCI.
THE NLRP2 INFLAMMASOME NLRP2 is a cytoplasmic protein also known as: NALP2, NBS1, PAN1, and PYPAF2. NLRP2 is expressed in a variety of tissues including the human brain. 33 NLRP2 associates with ASC and caspase-1 and inhibits NF-kB activation. [33] [34] [35] An allelic variant of NLRP2 that fails to inhibit the NF-kB transcriptional pathway contributes to the pathology of chronic inflammatory disorders such as Muckle-Wells syndrome. 36 Recently, we reported that human astrocytes express the NLRP2 protein that forms a functional inflammasome consisting of NLRP2, ASC, and caspase-1 7 ( Figure 1B) . The NLRP2 inflammasome complex in astrocytes interacts with the P2X7 receptor and pannexin-1. Exogenous application of ATP activates the NLRP2 inflammasome, leading to rapid processing of caspase-1 and production of mature IL-1b. Moreover, the pannexin-1 channel blocker probenecid and the P2X7 receptor inhibitor Brilliant Blue G reduced ATP-induced NLRP2 activation. Silencing of NLRP2 with small interfering RNA reduced NLRP2 protein levels and attenuated caspase-1 activation by ATP, thus demonstrating that NLRP2, which is activated by ATP, has a critical role in the astrocyte innate immune response.
THE NLRP3 INFLAMMASOME
To date, the NLRP3 inflammasome remains the most studied inflammasome. The availability of NLRP3 knockout animals has resulted in a tremendous amount of studies focusing on this inflammasome, particularly in the peripheral immune system. Generally, two stimulating signals are needed to activate the NLRP3 inflammasome. One signal represents the priming step 2 that produces pro-IL-1b and the second signal is directly responsible for the activation of caspase-1 and the processing of pro-IL-1b by active caspase-1 ( Figure 2 ). 37, 38 It is unclear if a similar NLRP3 activation scheme is operative in CNS cells. In addition, many studies have been carried in vitro using cells that are deficient in NLRP3 inflammasome components. [39] [40] [41] The availability of NLRP3 knockout mice has provided an animal model to study regulation of NLRP3 during infections 42, 43 and in autoimmune diseases. 44, 45 There are a few studies that suggest that the NLRP3 inflammasome has a role in the CNS. These studies have employed the use of NLRP3 knockout mouse lines to suggest that the NLRP3 inflammasome is activated in microglia after Mycobacterium tuberculosis infection 46 as well as by b-amyloid; the latter linking the NLRP3 inflammasome with Alzheimer's disease, 12 but whether the NLRP3 inflammasome components form proteinprotein associations with each other in the CNS needs to be determined ( Figure 1C ).
THE AIM2 INFLAMMASOME
AIM2 is a member of the hemopoietic interferon-inducible nuclear 200 (HIN200) family of proteins and was recently discovered to form an inflammasome. [47] [48] [49] [50] AIM2 is activated by viral, bacterial, and host ectopic double-stranded DNA and induces cleavage of pro-caspase-1, maturation of pro-IL-1b, and pyroptosis. [47] [48] [49] [50] [51] [52] [53] Although it has been known that AIM2 is expressed in tissues outside the immune system such as spleen, small intestine, and peripheral blood leukocytes, 54 its functional role in either the recognition of pathogenic DNA or autoimmune reactions to host nucleic acids has only been recently established in innate immune cells. 48, 55, 56 Recent work from our laboratory indicates that AIM2 associates with ASC and caspase-1 to form a DNA-responsive inflammasome in cortical neurons 11 (Figure 1D ). Further characterization of the neuronal AIM2 inflammasome will provide important information that will guide us in the development of therapies to treat inflammasomes activated by DNA after injury or viral infections.
Inflammasome Activators in the CNS Activation of inflammasomes is complex and regulated at different levels through protein interactions that regulate the overall response of these important signaling platforms. A detailed account of the multifactorial regulatory mechanisms that govern inflammasomes can be found in a recent review. 2 Our purpose is to discuss the regulatory mechanisms that facilitate a balance but effective inflammasome-mediated immune response during CNS injury and disease. As a result of cellular damage or infection to the host, there is a release of molecules that are recognized by PRRs such as NLRP1. [57] [58] [59] These molecules may be exogenous such as those found in bacterial infections (e.g. lipopolysaccharides, muramyl dipeptide, or flagellin), or endogenous such as those produced during sterile inflammation and in necrosis. Exogenous ligands that activate PRRs are referred to as PAMPs (pathogen-associated molecular patterns), whereas DAMPs (danger/damage-associated molecular patterns) correspond to endogenous ligands that are released by dying or damaged cells after cellular stress. Of interest to the area of CNS injury are DAMPS that can be recognized by PRRs such as toll-like receptors or NODlike receptors (Figure 3) .
Theoretically, any molecule that is found in a 'foreign' site within a cell or in the extracellular matrix may induce an immune response after recognition by PRRs and subsequent production of inflammatory cytokines. For example, adenosine triphosphate (ATP) 60 or high mobility group box 1 are not normally present in the cytoplasm but are released into the cytoplasm and extracellular matrix after trauma and thus behave as DAMPs to initiate an innate immune response (Figure 3 ). 61 Activation of the inflammasome occurs through binding of DAMPs or PAMPs. There are several mechanisms that have been described to be involved in the activation of the inflammasome outside the CNS such as an efflux of potassium ions 62 or activation of purinergic receptors by ATP (Figure 2 ). 63 Other inflammasome activators are listed in Figure 3 ; however, little is known about the signaling pathways required for triggering inflammasome activation in the CNS. Recently, we provided evidence that high extracellular K þ opens the pannexin-1 channel and activates the inflammasome in neurons and astrocytes, but not THP-1 cells. 18 This signaling pathway in neurons is mediated through protein interactions between pannexin-1 and inflammasome proteins. 18 We also provide evidence that ATP acting on P2X7 induces rapid cell death and that antibody neutralization of ASC blocks cell death. 18 Thus, contrary to the widely accepted view in macrophages and monocytes that low intracellular K þ triggers NLRP1b and NLRP3 inflammasome activation, 62,64 high extracellular K þ surrounding cells such as neurons and astrocytes opens pannexin-1 channels and induces processing of caspase-1 (Figure 2 ). It is possible that this discrepancy for K þ activation is due to the expression of pannexin-1 channels between the two disparate cell populations. Supporting this idea is our recent observation that THP-1 cells do not contain detectable levels of pannexin-1 (unpublished data) whereas this protein is abundant in neurons and astrocytes. Moreover, it is unclear whether K þ activation of pannexin-1 channels occurs in vivo. The high concentration of K þ ions required for activation of pannexin-1 (420 mM) probably only occurs near dying cells. Another possibility is that, K þ efflux through pannexin-1 may produce a concentration of K þ that is high enough to activate the channel. 19 Pannexin-1 channels serve as ATP release channels. When co-expressed with P2Y or with P2X7, extracellular ATP results in pannexin-1-mediated membrane currents. 65, 66 This type of positive feedback is consistent with the observation of ATP-induced ATP release. 67 Sustained application of ATP to cells co-expressing P2X7 with pannexin-1 results in cell death. 66 Thus, there must be regulatory mechanisms that keep this deadly channel in check. Indeed, ATP has also recently been identified as a pannexin-1 channel inhibitor, so it regulates its own permeation pore. 68 The molecular mechanism by which pannexin-1 regulates inflammasome activation is not well understood. Studies employing pannexin-1 knockout cells or pannexin-1 knockout mice report that deletion of the pannexin-1 gene improved functional outcomes after stroke, but there was little effect on IL-1b release. 69 Importantly, pannexin-1 knockout mice present a hypomorphic phenotype; 70 thus, these animals have reduced pannexin-1 function. Therefore, this finding calls for a precise quantification of pannexin-1 expression in its relation to function to provide a better understanding of the role of pannexin-1 in inflammasome activation. In addition, inflammasome activation has been suggested to have a role in the development of seizures in a pannexin-1-dependent mechanism. 71 Accordingly, kainic acid induces seizures via a mechanism involving opening of pannexin-1 and release of ATP. Moreover, knocking out of pannexin-1 decreases kainic acid-induced seizure duration. 71 Besides high extracellular potassium, ATP (1 mmol/L) has been recently shown to activate the NLRP2 inflammasome in astrocytes. 7 In this scenario, ATP most likely acts on the purinergic receptor P2X7 (Figure 2 ). These findings are consistent with immunoprecipitation experiments demonstrating that P2X7 and the pannexin-1 channel form protein-protein interactions with the inflammasome. 18 Moreover, the purinergic receptor P2X4 also contributes to inflammasome activation after injury to the spinal cord. 20 Accordingly, P2X4 knockout mice showed decreased caspase-1 and IL-1b processing in neurons and improved histopathological and functional improvement after SCI in rodents, indicating an involvement of P2X4 in the activation of the inflammasome. 20 In addition, the P2X4 knockout animals showed decreased infiltration of neutrophils and M1 macrophages into the spinal cord after injury. 20 Interestingly, it has been proposed that ATP released after injury first activates the P2X4 receptor (o100 mmol/L), which is more sensitive to ATP than the P2X7 receptor. 72 Activation of P2X4 results in release of K þ . This increase in K þ results in opening of the pannexin-1 channel, which then releases ATP, thus increasing the levels of ATP and activating the P2X7 receptor, resulting in inflammasome activation 73 (Figure 2 ).
Inflammasome Activation after Brain and Spinal Cord Injury
In acute CNS injury models, a spectrum of inflammatory events have been reported including activation and recruitment of inflammatory cells, increased gene expression and protein levels of proinflammatory cytokines as well as a host of cell signaling cascades that lead to both detrimental and reparative processes.
IL-1b has been widely implicated in the pathophysiology of SCI, traumatic brain injury, and stroke. [4] [5] [6] However, it is not until recently that the inflammasome, a main upstream activator of IL-1b, has been described to be involved in the regulation of inflammation after SCI. 6 Accordingly, caspase-1 is activated after injury when compared with sham/uninjured animals. The protein levels of caspase-1 in the spinal cord are elevated late up to 3 days after trauma. 6 Similarly, the protein levels of the adaptor protein ASC were increased after SCI, whereas the levels of NLRP1 did not change at any of the time points tested. Of importance is the finding that the NLRP1 inflammasome was present in motor neurons of the spinal cord, indicating that neurons express an inflammatory complex. 6 Similar findings regarding inflammasome activation in neurons have been obtained after traumatic brain injury 5, 74 and stroke. 4 Increased levels of NLRP1, ASC, and caspase-1 have also been reported in the CSF of traumatic brain injury patients and are associated with poor prognosis. 75 Thus, inflammatory innate immune responses, especially in the early postinjury period, are important therapeutic targets for reducing the detrimental effects of secondary injury mechanisms. However, more experiments are needed to show a direct effect between inflammasome proteins and poor outcomes after CNS injury.
Clinical Implications of Targeting the Inflammasome after Central Nervous System Injury Although several therapeutic approaches targeting early inflammatory process have been tested in the clinic, there are no therapies that have therapeutic benefit in the treatment of inflammation after CNS injury. Blocking inflammasome activation appears to offer an ideal approach to decrease inflammation and improve histopathological and behavioral outcomes after CNS injury. Inhibition of the inflammasome with neutralizing antibodies against inflammasome proteins such as ASC or NLRP1 has been successfully used in preclinical models of brain injury 5, 74 and SCI 6 in rodents. This approach resulted in decreased caspase-1 activation, IL-1b processing, histopathological damage, while improving behavioral outcomes. 6 However, the immune mechanism of antibody neutralization of inflammasome activation has yet to be reported.
In addition to neutralizing antibodies against inflammasome proteins, other drugs have been shown to block inflammasome activation. For example, probenecid, an FDA-approved drug for the treatment of gout and hyperuricemia, inhibits inflammasome activation by high extracellular K þ in cultured neurons and astrocytes 18 and has been shown to decrease caspase-1 in the brain of aged rats. 76 Moreover, glyburide, typically used in the treatment of diabetes mellitus, inhibits NLRP3 inflammasome activation; 77 however, to date, glyburide has not been shown to inhibit inflammasome activation in the CNS. Other substances such as YVAD, PPADs, KN-62, and antibiotics ( Figure 3) have been suggested as possible therapeutics to block inflammasome activation, but these substances have not been successfully tested in the CNS. Finally, Anakinra/Kineret has been tested in CNS injury models, but this drug targets IL-1b signaling downstream of the inflammasome. 78 Conclusions and Future Perspectives In this review, we have summarized the current understanding and gaps in our knowledge regarding regulation of inflammasomes in the CNS after injury. Although detailed information has been gained about many aspects of inflammasome regulation in peripheral tissues, many important unresolved questions regarding inflammasome expression and regulation in the CNS remain unanswered or poorly understood (Figure 4) .
One main question regarding inflammasome expression that remains unanswered is whether oligodendroglia, or ependymal cells harbor inflammasomes, and whether they are similar in composition to defined inflammasomes in peripheral immune cells. In addition, it is not clear what inflammasome triggers activate CNS cells after injury and whether CNS inflammasomes require multiple activation pathways. Moreover, future research should focus on identification of host molecules that function upstream of NOD-like receptors to regulate inflammasome activity.
Other important questions that remain unsolved are shown in Figure 4 : Are there additional upstream sensors or adaptors that regulate inflammasome activation? How do high extracellular K þ , Ca2 þ , and ATP in the extracellular space regulate Panx-1 and P2X receptors to cause inflammasome activation? How are these channels linked to the inflammasome and what signaling intermediates are crucial of inflammasome activation? Is mitochondrial localization essential for inflammasome formation and how does ROS regulate inflammasome formation? Does b-Amyloid activate other inflammasomes besides NLRP3? How do posttranslational modifications regulate activation? Does DNA activate other inflammasomes besides AIM2? How does inflammasome activation induce pyroptosis?
It will also be significant to define the contribution of CNS inflammasome-independent pathways to the innate inflammatory response in vivo after injury. For example, caspase-8 has recently been identified to be recruited to the inflammasome to process pro-IL-1b, 79 but the relative contribution of caspase-8 to inflammation processes elicited by CNS injury has not been studied.
In addition, it is possible that signals emanating from organelles like mitochondria, endosomes, and lysosomes may yield information about the way inflammasome effector proteins are tightly controlled, and it may be possible to compare these regulatory mechanisms with those that govern inflammatory cell death processes such as pyroptosis ( Figure 4 ). Clearly, inflammasomes have emerged to have a broad spectrum of controls regulating inflammatory responses in CNS injury and disease. Therefore, inhibitors of inflammation and drugs that target inflammasome functions are poised to have a major role in treating neurologic diseases and conditions. However, significant work is required to better understand activation and regulation of components of the inflammasome in different cells.
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